The crystalline phase evolution during firing of glass-ceramic materials from residual E-glass fibres was investigated as a function of temperature and time. The thermal stability and crystallisation mechanism were studied by differential scanning calorimetry (DSC). The mineralogical and microstructural characterisation of the sintered glass-ceramics was carried out by X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM), respectively. The crystallisation behaviour was depicted by the TTT (Time-TemperatureTransformation) curve. The activation energies for crystallisation were calculated by the Friedman differential isoconversional method. The results show that devitrification of the glass leads to a series of glass-ceramic materials composed of wollastonite and plagioclase s.s. Their microstructure is composed of a dense network of crystals, which is responsible for the high mechanical properties exhibited by these materials.
Introduction
Glass-ceramics are ceramic materials produced from parent glasses by sequential thermal processes involving controlled crystallisation, which consists of the growth of one or more crystalline phases within the vitreous mass [1] . The earliest reported glass-ceramics were produced by a conventional glass route and subsequently crystallised, usually by heat treatment M.I. Martín, F.A. López, F.J. Alguacil, M. Romero. Development of crystalline phases in sintered glassceramics from residual E-glass fibres. Ceramics International, 40 (2014) 2769-2776 doi: 10.1016/j.ceramint.2013.10.040 2 in two stages, to produce nucleation and subsequent crystal growth. In recent years, the sintering method has proven to be a technically viable route for the manufacture of glass-ceramics. This process usually involves milling a glass frit into fine particles, which are then shaped by conventional forming techniques and subsequently heat treated to provide sintering and crystallisation of the glass particles. A sintering process is normally used when the parent glass exhibits a strong tendency for surface crystallisation or when complex shapes are required [2] .
Because the most important glass-forming systems are based on silicate compositions, the key crystalline phases of glass-ceramics are principally silicates [3] . unviable in economic terms because the recycled fibres possess lower mechanical properties than they did originally; thus, they cannot be employed in the manufacture of structural materials. Therefore, the majority of waste fibreglass reinforced composites are stored in landfills or buried. This waste causes serious environmental problems due to the nonbiodegradable and bulky nature of these types of waste. The applied European legislation to these wastes [4] [5] [6] limits the amount of that may be discarded in landfills. Additionally, the United Kingdom and Germany have implemented a total ban for the dumping of these waste materials.
A number of technologies have been proposed for recycling thermoset composites: mechanical comminution-based processes [7] ; thermal processes such as combustion, pyrolysis, thermolysis, etc. [8] [9] [10] ; and composite depolymerisation based on chemical processes such as hydrolysis, glycolysis and solvolysis [11] . However, none of these techniques achieves more than partial recovery of the glass fibres.
In recent studies [12, 13] , we demonstrated the feasibility of obtaining wollastonite-plagioclase glass-ceramics through sinter-crystallisation of a parent glass made from glass fibres pyrolytically recovered from FGRP wastes. The developed glass-ceramics possess technological properties very suitable for both indoor and outdoor architectural applications. Their most M.I. Martín, F.A. López, F.J. Alguacil, M. Romero. Development of crystalline phases in sintered glassceramics from residual E-glass fibres. Ceramics International, 40 (2014) 2769-2776 doi: 10.1016/j.ceramint.2013.10.040 3 advantageous properties are high flexural strength (100-120 MPa), high resistance to weathering and a zero water absorption rate.
It is known that the most important factors that affect the technical properties of glass-ceramics are the nature of the devitrified crystalline phases, their shape, size and spatial arrangement.
Hence, this work analyses the evolution of the crystalline phases and microstructures during the crystallisation process of a glass derived from FGRP wastes.
To a first valuation of the technological properties, the glass-ceramic crystallised for 20 in 1030 ºC were tested to determine the water absorption, open porosity and bulk density (ISO 10545-3:1997 [14] and bending strength (EN 843-1:2006 [15] in an electronic universal tester (Servosis model ME-402/01) on ten specimens by a three point loading test with a span of 32 mm and a crosshead speed of 1 mm/min.
Materials and methods
The material used in the present work was a glass (hereafter referred to as PGF glass), pyrolytically generated from glass fibres recovered from waste composite materials. This composite was a fibreglass-reinforced polyester (FGRP) produced by POLIFIBRA, S.A.
(Guadalajara, Spain), composed of unsaturated polyester resin (32.8 wt% orthophthalic polymer resin, 1.2 wt% styrene monomer, 1.2 wt% Zn stearate and 0.3 wt% organic catalyst) and 64.5 wt% E-glass fibre. The FGRP was heated at 550ºC for 3 h in a pyrolysis reactor [12, 13] where complex organic compounds (oils), non-condensable gases and glass fibre were obtained as reaction products.
Prior to use, the recovered fibres (97 wt% E-glass fibre and 3 wt% residual organic matter) were milled and then sieved to a particle size <250 µm. Na2O (as Na 2 CO 3 of A.R. quality) was incorporated at 5 wt% into the PGF glass formulation to facilitate melting. The 95 wt% recovered glass fibre and 5 wt% Na 2 O batches were mixed for 30 min in a blender (TURBULA) to obtain homogeneity. Each batch was transferred to an aluminosilicate crucible and heated in an electric furnace to 1450ºC at a rate of 10ºC/min. After a holding time of 120 min at the melting temperature, the melt was quenched by pouring into water, producing a glass frit (PGF glass frit). The PGF glass frits were was ground using a BIOMETAL RETSCH PM 100 ball mill at 400 rpm and sieved to a particle size of 80-100 µm.
The activation energy for crystallisation was calculated by differential scanning calorimetry (DSC) on powder samples (80-100 µm particle size). DSC experiments were performed on a SETARAM Model Labsys. DSC analyses were carried out at five different heating rates (10, 20 , 30, 40 and 50ºC/min) between 25ºC and 1450ºC. The DSC scans were conducted under a flow of air in platinum crucibles, and calcined Al2O3 was used as a reference material. The DSC curves were normalised with respect to the sample weight.
The activation energy for the crystallisation process was calculated using the Friedman method (FR) [16] .
For solid-state reactions, it is generally assumed that the rates of conversion are proportional to the concentration of the reacted material. The rate of conversion can be expressed by the following basic rate equation (Eq. 1):
where α is the degree of conversion of the reaction, f(α) and k(T) are functions of conversion and temperature, respectively and β the reaction rate. In the DSC experiments, Eq. (1) can be expressed as follows:
where dH/dt is the heat flow above the baseline, and is the peak area of the reaction expressed in mJ.
By combining Eqs. (1) and (2), the rate of conversion can be written in the following form:
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where k(T) is the temperature dependence of the rate of heat flow, often modelled successfully by the Arrhenius equation:
where E is the activation energy, A is the pre-exponential factor, and R is the gas constant.
By combining Eqs. (3) and (4), the reaction rate can be written as follows: 
where i is the index of conversion, j is the index of the curve, Eαi is the apparent activation energy at αi, and f(αi,j) is the function dependent on the reaction model that is assumed to be constant for a given reaction progress αi,j for all curves j. As f (α) is constant at each conversion degree αi, the dependence of the logarithm of the reaction rate to 1/T is linear with the slope of Eα/R and intercept A.
The analysis according to ASTM E698 [17] is based on the assumption that the maximum (for example maximum of the DSC peaks) of a single step reaction is reached at the same conversion degree independent of the heating rate. Although this assumption is only partly right, the resulting errors are small. In this method, the logarithm of the heating rate is plotted over the reciprocal temperature of the maximum. The slope of the yielded straight line is proportional to the activation energy, according to Eq. (7): M.I. Martín, F.A. López, F.J. Alguacil, M. Romero. Development of crystalline phases in sintered glassceramics from residual E-glass fibres. Ceramics International, 40 (2014) 
The data were also analysed using the Kissinger method [18] :
where Tp is the maximum of the DSC crystallisation peak, β is the heating rate, E is the activation energy and R is the ideal gas constant.
In a previous paper [12] , it was noted that the devitrification process of PFG glass went through a surface crystallisation mechanism. Thus, the most effective method for manufacturing glassceramic materials from PGF glass frit is by a sinter-crystallisation process, which involves the sintering and subsequent crystallisation of powdered glass. Therefore, the crystallisation study was performed on a PGF glass sample ground and sieved to a particle size of 80-100 µm.
The development of the crystalline phases after thermal treatment of the PGF glass was studied on compacted glass samples. Powdered glass (80-100 µm particle size) was moistened by spraying with distilled water (2 wt%). Glass compacts (10 x 10 x 5 mm) were shaped by uniaxial pressing (Nannetti S hydraulic press) at 40 MPa in a steel die. To evaluate the effect of temperature on the development of the crystalline phases of end glass-ceramics, the compacts were treated at different temperatures (800-1100ºC) for several different times (2-60 min). After treatment, the samples were taken out of the oven and air cooled to room temperature.
The evaluation of the amorphous nature of the synthesised PFG glass and the mineralogical study of the crystalline phases devitrified after thermal treatment were performed by X-ray diffraction (XRD) (Philips model X 'PERT MPD) with Ni-filtered Cu Kα radiation operating at 30 mA and 50 kV. Data were recorded in the 3-75º 2θ range (step size 0.019732º and 0.5 s counting time for each step).
The microstructural analysis of the glass-ceramics was performed by field emission scanning electron microscopy (FESEM) (HITACHI model S-4800) operating at 20 kV. A semiquantitative analysis of the different phases was obtained by energy dispersive X-ray spectroscopy (EDS) using an RX BRUKER detector. SEM specimens were prepared from freshly fractured glass-ceramic surfaces. To enhance the SEM observations, all samples were Au-Pd coated using a Balzers SCD 050 sputter. which is slightly higher in the PGF glass because it was formulated with the incorporation of 5 wt% Na 2 O as a fluxing agent. Fig. 1 illustrates the appearance (a) and the X-ray diffraction pattern (b) of the PGF glass. The amorphous halo characteristic of disordered structure in glass is evident. 1450ºC. The first endothermic jump in the baseline at ~693ºC corresponds to the glass transition temperature (Tg). After that, the two exothermic effects centred at ~819-860ºC and 963-1099ºC denote that this glass is not thermally stable and that subsequent thermal treatment will lead to a crystallisation process with the consequent formation of glass-ceramic materials. Finally, an endothermic reaction starting at ~1150ºC indicates the formation of liquid phases. Table 2 shows the values of the apparent activation energies of the crystallisation peaks calculated by Friedman analysis (Eq. 6), ASTM E698 (Eq. 7) and Kissinger method (Eq. 8). W Wollastonite P Plagioclase s.s. and that the thermal treatment temperature plays a major role in the relative intensity of both crystalline phases. In the 900 and 950ºC treatments, the XRD intensity of plagioclase is higher than wollastonite throughout the studied time interval. However, the difference observed between the intensities of both phases is lower at 950°C, and they become equal after long treatment times (60 min). As the temperature of the thermal treatment increases, the wollastonite intensity increases while the plagioclase intensity is reduced. As a result, a reversal in the relative intensities of the two phases occurs so that at 1030°C, treatments longer than 10 min lead to glass-ceramics with wollastonite showing the higher XRD intensity. This behaviour is also observed at 1100ºC over the whole time interval studied.
Taking into consideration the intensity of both crystalline phases, Fig. 5 shows that the crystallisation degree increases with temperature and reaches a maximum at 1000-1030ºC.
Higher temperature results in the partial dissolution of the crystalline phases developed, and the crystallisation degree of the end glass-ceramics is reduced. At low temperature, the formation of liquid phases is depleted and the resulting glass-ceramic material shows a low sintering degree, as denoted by the high volume of open porosity located between the particles. Moreover, certain degree of closed porosity comprised of rounded pores is also evident, which can be probably induced by the crystallization process itself [19] . After the thermal treatment at 950ºC, the glass-ceramic has a high degree of crystallisation, as evidenced by the high density of crystals observed in the FESEM image (Fig. 7) . The Si/Ca Figure 7 . FESEM images of the fresh fractured glass-ceramic obtained at 950ºC for 20 min and the EDS spectra of wollastonite (W) and plagioclase (P) crystals.
After the thermal treatment at 1000ºC, the glass-ceramic shows a microstructure composed of a dense network of tightly interlocked wollastonite and plagioclase crystals (Fig. 8a) . Both phases exhibit a similar tabular morphology, although plagioclase shows a lower thickness (Fig. 8b) .
Above 1030ºC, wollastonite becomes predominant over plagioclase and the EDS analyses ( Fig.   9 ) allow the clear distinction of wollastonite crystals with a SiO 2 /CaO ratio of 0.96, which is close to the theoretical SiO 2 /CaO ratio of 1.07 in unsubstituted wollastonite.
For a previous knowledge of technological features of these materials, the glass-ceramic obtained after thermal treatment at 1030ºC/20 min has been tested in order to determine its water absorption (6.9x10-3±1. 
Conclusions
The results of this work demonstrate the feasibility of obtaining wollastonite-plagioclase glassceramics by a sinter-crystallisation process derived from glass fibres recovered by pyrolysis of waste composite materials.
The DSC curve shows two exothermic effects centred at 819-860ºC and 963-1099ºC, which are 
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PGF glass begins to crystallise after 60 min at 850ºC, and the glass compacts are fully devitrified after 15 min at 900ºC. The fastest rate of crystallisation occurs at 1000ºC, at which point the onset time for crystallisation is only 2 min. Wollastonite and plagioclase crystallise simultaneously through the whole glass devitrification process, and the maximum crystallisation degree takes place at the 1000-1030ºC temperature interval.
After firing, sintered glass-ceramics from PGF glass show a microstructure composed of a dense network of tightly interlocked wollastonite and plagioclase crystals.
